ISSN: 2231-0398 (Online)
ISSN: 2347-9949 (Print)
Volume 14, Issue 3, 2024

Omni Science:
A Multi-disciplinary Journal

G

STM JOURNALS

September—December

DOI (Journal): 10.37591/OSMJ
https://journals.stmjournals.com/osmj/

Optimization of Reaction Parameters for Biodiesel
(Methyl Ester) Synthesis Using Surface Response
Methodology

P.O. Asipita™’, H.O. Haruna’, M.M. Ambursa’, I.G. Wawata®, F.A. Atiku’, J. Ibrahim®, L..A. Musa’

Abstract

The Polyoxo vanadate catalytic trans-esterification of waste cooking oil (WCO) was carried out by
optimizing four reaction parameters which include: catalyst loading, methanol/oil ratio, temperature,
and reaction time. These optimized parameters are 0.5 g, 0.8 g, and 1.2 g catalyst loading, 3:1, 6:1 and
9:1 methanol/oil ratio, 45°C, 60°C and 65°C reaction temperature, 45 min, 60 min and 90 min reaction
time. The regression equation in the uncoded units of the optimization revealed that for every 1%
increment in catalyst loading there tends to be a 15.64% increment of the biodiesel yield, more so 1%
decrease in the interaction of methanol and time tends to increase the yield of the diesel by 0.0691%
though under an ideal condition if there are no methanol/oil ratio, catalyst, methanol/oil * Time, 43.7
% is given for the unexplained parameter residual in the equation. A normal probability plot shows
that, all the observations of % yield fit in the same line or trend. The Pareto chart of standardized shows
that the catalyst loading has a high and strong effect on the biodiesel yield as it is the only parameter
with such a standard effect of 1.492, the effect of methanol/oil interaction tends to follow the catalyst
loading with a less standard effect of 1.0. The Contour plot of % yield vs Time, methanol/oil ratio reveals
that at constant catalyst loading the interaction deepens when yield is above 50%. When the time is
held constant, the Surface plot reveals the best output of the yield with catalyst loading of 0.8 g,
methanol/oil ratio of 9:1, and 90 min reaction time. However, the R-squared value standard reports that
about 34.52% of the parameters are explained by the yield which might be diagnostic for unusual
observation on the yield with the value of 50.23% and 76.44% attributed by random chance. The
biodiesel sample’s FTIR measurement clearly verifies that waste oil was converted to biodiesel.
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Alternative sources of fuel from waste feedstock
are of greater advantage due to the fact they do only
provide an eco-friendly fuel but also help in waste
disposal to further reduce pollution. Globally, the
quest to produce alternative fuels other than fossil
fuel has drawn the attention of so many researchers
due rise in demand, price, and pollution caused by
fossil fuels. This area of biodiesel production in
recent research has sort to produce a more efficient
biodiesel from feedstock which are of plant and
animal origin without posing a threat to food
security. Different kind of methods has been used
for the production of biodiesel from oils gotten
vegetable or triglycerides conversion. The direct use

© STM Journals 2024. All Rights Reserved

20



Optimization of Reaction Parameters for Biodiesel (Methyl Ester) Synthesis Asipita et al.

of triglycerides or vegetable oil, micro-emulsion, thermal cracking, and trans-esterification are the four
main categories deployed.

The trans-esterification of high free fatty acid sources, such as animal fats, with alcohol, such as
methanol (MeOH) or ethanol in the presence of an acid or base catalyst as a fatty acid methyl ester
(FAME) or fatty acid ethyl esters (FAEE), or the trans-esterification reaction of edible or non-edible oil
for the production of biodiesel [1].

Biofuels are mostly gotten from edible oil, fats, waste cooking oil, nonedible oil, and algae that are a
product of the trans-esterification reaction of triglycerides with methanol. The most common
component in biodiesel is Fatty acid methyl esters (FAMEs) because methanol used in the production
process is more economically feasible and available than other alcohols [2]. During the esterification
process, one mole of triglyceride (TAG) will produce 3 moles of Fatty acid alkyl esters (FAAEs) and 1
mole of glycerol in the presence of a suitable catalyst, monoglycerides (MAGs) and diglycerides
(DAGs) are produced as intermediate products [3]. One molar excess of alcohol is usually supplied in
trans-esterification reactions that are reversible to drive the mechanism toward the desired products. If
methanol is used, the reaction mixture at the beginning is biphasic because methanol is sparingly soluble
in triacylglycerol oils as shown [4].

About 100 million gallons of waste cooking oil is produced per day in the USA according to Energy
Information Administration (EIA) in the United States (USA) estimation of which around 9 pounds of
waste cooking oil are produced by one person per year [5]. The problems of disposal and contamination
of resources from water and land have made waste cooking oils and fats management pose a great
challenge [6]. While a portion of the waste oil is utilized in soap production, a majority of it is released
into the environment, leading to pollution. Waste cooking oil (WCQO) can be converted into biodiesel,
which is a vital addition to the present energy system and helps reduce pollution [7].

This research employs waste edible oil feedstock (i.e., waste cooking oil) and optimizes the trans-
esterification reaction parameters to reduce the expense, pollution, and hazard to food security
associated with the manufacturing of biodiesel.

MATERIALS AND METHOD
Materials

The feedstock (Waste Cooking Oil) was obtained from a food vendor in Birnin Kebbi, Kebbi state,
Nigeria. The waste oil is pretreated at room temperature by filtering to remove any inorganic residue
and suspended matter. Conventional standard laboratory reagents, apparatus, and other equipment were
also used. All the glassware required was soaked for 24 hours in dilute nitric acid and then rinsed in
distilled water (H,O) prior to the experiments.

Sample Pre-Treatment
After being heated to around 90°C for 60 minutes, the waste cooking oil (WCQ) feedstock was
filtered via filter paper to eliminate moisture and contaminants.

Determining the Physicochemical Properties of Waste Cooking Oil (WCO)

The following physicochemical parameters of waste cooking oil (WCQO) were evaluated using AOCS
procedures (AOCS, 1980; 2003) saponification value, acid value, free fatty acid value, and iodine value;
ASTM D1298 (ASTM, 2002) was used to determine specific gravity.

Catalyst Preparation

0.8 g of ammonium metavanadate was dissolved in drops of distilled water which was afterwards
mixed with 45 ml of methanol. The mixture was completely through continuous stirring. The stirred
solution was dragged to pH 2 with a few drops of dilute and NH4OH and HNOj solutions.

Reaction Parameter Optimization
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A Response surface experimental (Box-Behken) design with 27 runs was designed using Minitab
Statistical Software for four reactions parameters which include: Catalyst loading (g), Temperature (°C),
Methanol/oil ratio, and Time (Min). Table 1 shows the range of values of the optimized parameter for
the Trans-esterification reaction.

Table 1. Table showing the range of Optimization parameters.

Reaction Parameters Lowest Value Mid Value Highest Value
Catalyst Loading (g) 0.5 0.8 1.2
Temperature ('C) 45 60 90
Methanol/oil ratio 3:1 6:1 9:1
Time (min) 45 60 90

Trans-Esterification Process

Exactly 5 ml of the pretreated oil was measured into a two-bottle neck round bottom flask which was
fitted with a reflux condenser and heated at 60°C. A solution of promoted poly-oxo vanadate ions as
catalyst with methanol was prepared through the measurement of a known amount of catalyst and a
methanol volume calculated according to each experimental run. A magnetic stirrer was used to
appropriately stir the mixture. The prepared catalyst and methanol were poured into the warm waste
cooking oil. The reaction temperatures were varied for each experimental run, the number of catalysts
used varied based on each experimental run, and the reaction time was in accordance with each
experimental run. The resulting mixture in the two-bottle neck round bottom flask will be fitted on a
magnetic hot plate which was subjected to heating at the temperature of the run with constant stirring
using a magnetic bar for the run time as shown in Figure 1; the mixture was left overnight in a separating
funnel after reaction time to settle as shown in Figure 2 for the different runs. The produced biodiesel
appeared on the top layer in the funnel which will be separated while the two lower layers comprise
glycerol and catalyst and were later separated using a centrifugation machine. The glycerol was used to
calculate the percentage yield of the biodiesel using equation 1 below. The quantity of biodiesel (methyl
ester) collected was dried to remove the water contents while the excess methanol was distilled [6].

. . g Amount of transesterified oil
f e 0 —
Calculation: % yield of biodiesel = Sight of glycerol x 100 Eqn. (1)

where

Amount of oil = weight of oil — weight of glycerol.
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Figure 1. Trans-esterification experimental setup.

Figure 2. Trans-esterified Oil Separation Setup.

Biodiesel Characterization

The biodiesel produced was characterized using the Fourier-transform infrared (FTIR) spectroscopic
method to confirm the transformation of the oil as a result of the trans-esterification reaction.

RESULT AND DISCUSSION
The Physicochemical Properties of Waste Cooking Oil Feedstock Result and Discussion

Table 2 shows the physicochemical properties of the feedstock (Waste Cooking Oil). At room
temperature, the Waste Cooking Qil (WCO) is liquid and has a brownish color.

Table 2. Physico-chemical characteristics of the used cooking oil.

Parameters Value
Color Brownish
Specific Gravity (g) 0.93
State at room temperature Liquid
Viscosity (mpas™) 25.50
Density (g/cm?) 0.91

© STM Journals 2024. All Rights Reserved 23



OmniScience: A Multi-disciplinary Journal
Volume 14, Issue 3
ISSN: 2231-0398 (Online), ISSN: 2347-9949 (Print)

Acid value (mg KOH/g) 0.66
Free fatty acid (%) 0.30
Saponification value (mg KOH/g) 181.9+0.25
lodine value (mg 1I/g) 105.48 £ 1.0

Each result’s mean is determined in triplicate.

Specific Gravity

According to the investigation, the used cooking oil has a specific gravity of 0.93 g/cm?, which falls
within the acceptable range for most oils. This value of specific gravity influences the feasibility of
utilizing waste cooking oil directly as fuel in diesel engines.

Acid Value

Table 1 presents the acid and free fatty acid values of the used oil, which are recorded as 0.66 mg
KOH/g and 0.34%, respectively. As indicated by Leung and Guo (2006) [8], oils with higher acid values
often result in the formation of soap when combined with acidic catalysts, leading to catalyst
deactivation and reduced biodiesel yield. The significantly low acid and free fatty acid levels observed
in the waste cooking oil demonstrate the effectiveness of the Polyoxovanadate (POV) catalyst for the
trans-esterification process of the waste cooking oil [9].
Iodine Value

The waste cooking oil exhibits an lodine value of 105.48 (Iodine mg/g), which falls within the
acceptable limit defined by AOCS. This figure sheds light on the oil’s degree of unsaturation and
oxidative stability. However, it is worth noting that the value is below the threshold of 115 g/I, 100g
typically set for dry oils [10].

Saponification Value

The saponification value of the leftover frying oil was 181.9 mg KOH/g, which falls within the limit
prescribed by AOCS. This saponification value serves as an indicator of the oil’s tendency to generate
soap during the trans-esterification reaction, potentially leading to a decrease in the biodiesel yield [11,
12].

Result and Discussion of the Optimization of Biodiesel Production
Biodiesel Optimization

In the optimization, it was found that catalyst loading of 0.8 g, temperature of 60°C, methanol/oil
ratio of 9:1, and time of 90 min were the reaction parameter combination that gave the highest yield of
biodiesel of 76.44%.

Regression Equation in Uncoded Units of the Optimization
% Yield = | 43.7 + 15.64 Catalyst loading

—2.67 Methanol/oil ratio — 0.255 Time

+0.0691 Methanol/oil ratio * Time.

The regression equation reveilles that for every 1% increase in catalyst there tends to be a 15.64%
increment of the biodiesel yield, more so a 1% decrease in the interaction of methanol and time tends
to increase the yield of the diesel by 0.0691%.

All things being equal if there is no methanol/oil ratio, catalyst, methanol/oil * Time, 43.7% is given
for the unexplained parameter residual in the equation. All in all, from the statistics catalyst tends to
have more influence [13, 14].

Normal Probability Plot
From Figure 3 above, the normal probability plot shows that all the observations are not far from the
trend (fitted) line, i.e., they are close to the trend line.
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Normal Probability Plot
(response is % Yield)
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Figure 3. Normal probability plot (Response is % Yield).
Pareto Chart

From Figure 4, the Pareto plot reveals the standard effect of each of the parameters on the yield where
the catalyst loading has a high and strong effect on the yield as the only parameter with such effect at a
standard effect of 1.492. However, the effect of the interaction of methanol to oil ratio and time tends
to follow the catalyst, though it has a lower standard effect of 1.0 and then followed by methanol and
time alone. In actual effect, the catalyst is more effective on the yield.

Pareto Chart of the Standardized Effects
(response is % Yield, a = 0.15)

Term 1.492
: Factor Name
A Catalyst loading
B Temperature
C Methanol/oil ratio
D Time

0.0 05 10 15 20
Standardized Effect

Figure 4. Pareto chart of the standard effect.

Contour Plot of % Yield vs Time, Methanol/QOil Ratio
From Figure 5, the interaction tends to be deeper when the yield is above 50% and the catalyst loading
held constant.
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Contour Plot of % Yield vs Time, Methanol/oil ratio
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Figure 5. Contour plot of % yield vs time, methanol to oil ratio.

Surface Plot
From Figure 6, when time is held constant (T = 0) the surface plot reveals that the best output of the
yield is at catalyst loading of 0.8 g and methanol to oil ratio of 9:1.

Surface Plot of % Yield vs Methanol/oil ratio, Catalyst loading
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Figure 6. Surface plot of % yield vs methanol to oil ratio, catalyst loading.

Model Summary

From Table 3, the R-squared value standard reports that about 34.52% of the parameters are explained
by the yield. However, this might tend to be diagnostic for unusual observation on the yield with the
value of 50.23% and 76.44% attributed by random chance, i.e., a mistake outside control.

Table 3. Model Summary.
S R-sq R-sq (adj) R-sq (pred)
8.94346 34.52% 22.61% 0.00%

Characterization of Biodiesel
FTIR Characterization of Biodiesel
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The FT-IR spectra of the leftover cooking oil and the biodiesel made from it are shown in Figure 7
above. Characteristic peaks in the spectra include those at 2924 cm™ and 2853 cm™?, which correspond
to the symmetric and antisymmetric stretching vibrations of C—H in the CH, and CHs groups,
respectively. Another strong peak at 1743 cm™ reveals the stretching vibration of carbonyl groups (C—
O) present in the triglycerides of the waste cooking oil.

—— Waste G/Nut Oil
Biodiesel

200

-

140 U
120 U
100

80

Absorbance (Abr. Unit)

60

40 ~

20

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavelength (cm-1)

Figure 7. FT-IR analysis of Biodiesel and waste cooking oil. (Biodiesel in black, WCO in wine).

The peaks in the range of 1400-1200 cm™' confirm the bending vibrations of CH» and CHj aliphatic
groups in both the biodiesel and waste cooking oil. Additionally, HCH bending occurs at 1373 cm™,
while CH scissoring is observed at 1466 cm ™.

The region between 1120-1090 cm™' exhibits peaks corresponding to the ester stretching vibration
(C-0), which is more pronounced in the biodiesel spectra. Furthermore, a peak at 1742 cm™' confirms
the stretching vibration of C=0 in the esters, and peaks in the range of 1300-1000 cm™' correspond to
the stretching vibrations of C—O. Due to the presence of triglycerides and esters, the FT-IR spectra of
the biodiesel and waste cooking oil show similarities.

However, slight differences were observed, such as the shift of peaks from 1743-876 ¢cm! in the
waste cooking oil to 1742-884 ¢cm™! in the biodiesel.

Notably, the disappearance of peaks at approximately 1543 cm'and 1198 cm™! in the waste cooking
oil spectrum, and the emergence of new peaks at 1430 cm™! and 1024 cm™! in the biodiesel spectrum,
confirm the successful conversion of waste cooking oil into biodiesel. Nevertheless, a peak in the 3100
3500 cm™ range indicates that the produced biodiesel may contain methanol and water traces, which
can be removed using the refluxing and drying of silica gel.

CONCLUSIONS

In this research, Polyoxovanadate (POV) was successfully used for the trans-esterification of waste
cooking oil to biodiesel. A yield of 76.44% was obtained for biodiesel with a catalyst loading of 0.8 g,
using a 1:9 oil-to-methanol ratio, for 90 minutes at a temperature of 60°C. However, the R-squared
value standard shows that about 34.52% of the parameters are explained by the yield. The regression
equation shows that 43.7% is given for the unexplained parameter residual in the equation. From
statistical study, the catalyst tends to have more influence.
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